The goal of this work was to investigate intra-alloy relationships, as they pertain to rapid solidification, which can be applied to computational materials modeling. Those relationships can be utilized to improve the accuracy of predictive modeling by leveraging previous experimental results. With that in mind, FeeCo samples were prepared with 30e50 at.% cobalt and they were processed via electrostatic levitation (ESL) or electromagnetic levitation (EML). The samples were levitated, melted, and allowed to cool and solidify in a vacuum for ESL testing and under He gas for EML testing. If sufficient undercooling was achieved, the sample solidified via double recalescence. In that event, the metastable dephase would grow into the undercooled liquid, and then the stable gephase would grow into a combination of the metastable phase and remaining undercooled liquid, or mushy zone. The velocities of the solid phases growing into undercooled liquid were analyzed with current dendrite growth theories. The purpose of the growth velocity analyses was two-fold: 1) Assess the validity of current dendrite theory as it applies to the FeeCo system. 2) Evaluate the kinetic growth coefficient, m, assuming a constant kinetic rate parameter, V o . The results of the analyses indicate that it is reasonable to assume that the kinetic rate parameter, V o , is constant for a given phase within an alloy system if DH f =T 2 m does not vary significantly within the system, or within the composition range of interest. The average growth velocities of the stable phase into the mushy zone, V gd , for the Fee30, 40, and 50 at.% Co compositions are 1.6, 2.4, and 4.9 m/s, respectively, which scale with the thermal driving forces of the transformations, DT gd , which are 10 K, 24 K, and 40 K, respectively.
Introduction
Containerless processing methods, such as electrostatic levitation (ESL), or electromagnetic levitation (EML), allow a molten sample to undercool below the stable gephase (FCC) liquidus temperature over a wide composition range for Iron-Cobalt alloys. If the undercooling is sufficient, i.e. the temperature is below the melting point of the metastable dephase (BCC), the sample can solidify in a two-step process known as double recalescence. In the event of double recalescence, dendrites of the metastable BCC dephase grow into the undercooled liquid, and the stable FCC gephase grows subsequently into the combination of primarily formed metastable solid and remaining undercooled liquid, or mushy zone [1e4].
Due to primary solidification of the dephase, the temperature is raised by the released heat of fusion to the solidification temperature located between liquidus and solidus temperature of the metastable phase. After a short delay time, nucleation and growth of the stable phase sets in and the temperature is further increased towards the equilibrium liquidus temperature by which the primary metastable phase is either remelted or transformed into the stable phase. Therefore, besides the delay time for nucleation the growth velocity of the stable phase in the mushy zones determines the dynamics of the metastable-stable phase transformation and is a decisive parameter controlling the formation of the microstructure.
Growth kinetics and microstructural evolution are generally influenced by fluid flow because it affects the heat and mass transport at the solid-liquid interface. The effect is more apparent the lower the growth rate is compared to the fluid flow speed [5] . Hermann et al. [2e4] reported FeeCo growth velocity results for the gephase and metastable dephase growing through undercooled liquid, using EML processing in both terrestrial and microgravity conditions during parabolic flight; thus, different levels of forced electromagnetic stirring were achieved [6] . In those experiments double recalescence was detected by a fast responding silicon photo diode. Growth velocity of the primary growing phase was inferred from temperature-time characteristics while growth kinetics of the secondary stable phase could not be obtained by this method. However, an effect of melt convection on primary growth kinetics could not be detected because the solidification velocities of the g and d phases were in the range of several m/s which is much larger than fluid flow velocities in EML processing on ground and under microgravity [6] .
Li et al. [7] discussed microstructure and phase selection in undercooled Fee30 at.% Co melts in the context of glass flux experiments and subsequent microscopical investigations on assolidified samples but in-situ measurements during rapid solidification have not been carried out.
In this article, we report new experimental results of growth velocity from both electrostatically and electromagnetically levitated samples. While electromagnetic levitation processing leads to stirring in the melt, the electrostatic levitation technique provides containerless solidification experiments without induced convection [8] . In the current work, rapid solidification was monitored by high-speed video camera. Imaging of double recalescence enabled measurement of the velocity of the stable phase through the mushy zone of the primarily solidified metastable phase, as well as growth of the solid phases through undercooled liquid. The measured velocities as a function of undercooling for both of the stable gephase and metastable dephase are assessed using Lipton-Kurz-Trivedi (LKT) theory [9] , including the kinetic undercooling component from Boettinger-Coriell-Trivedi (BCT) theory [10] . The purpose of the growth velocity analysis was two-fold: 1) Assess the validity of the theory as it applies to the FeeCo system. 2) Evaluate the kinetic growth coefficient, m, assuming a constant kinetic rate parameter,
Experimental methods
For the electrostatic levitation experiments, FeeCo samples were prepared at 30, 40, and 50 at.% cobalt, from 99.995% pure iron, and 99.95% pure cobalt, by arc-melting the components under an argon atmosphere, such that they had a mass of approximately 40 mg (~2 mm diameter). They were processed via ESL, where the negatively charged sample was contained within a vacuum chamber (evacuated to 10 À9 mbar), between a negatively charged lower plate, and a positively charged upper plate. The FeeCo phase diagram is given in Fig. 1 .
The sample was then melted, allowed to cool radiatively, and then solidify. An article by Rogers and SanSoucie [11] gives a full description of the experimental setup. The solidification was monitored with a Phantom V7.1 high-speed camera, which was operating at 30,000e40,000 frames per second at 128 Â 128 image resolution. The location of the sample was determined by positioning lasers, and the electrostatic field was adjusted accordingly. The temperature of the samples was monitored with a Mikron Mi-GA140 single color pyrometer, which has a 1.45 mme1.8 mm wavelength range, and was operating at 16 Hz. The pyrometer accuracy is ± 0.3% of reading in F þ 1.8 F for T < 2732 F (1773 K), and ± 0.5% of reading in F for T > 2732 F (1773 K). The pyrometer was calibrated with a Mikron M390 blackbody generator [12] .
Electromagnetic levitation experiments were carried out at DLR Cologne. FeeCo alloys were arc melted from 99.995 at.% pure Fe and Co under high purity (6 N) 1000 mbar Ar atmosphere. The sample mass was about 1 g corresponding to a sphere of typically 6.5 mm in diameter. The vacuum chamber of the levitation facility was evacuated to 10 À6 mbar and then filled with high purity (6 N) He to 400 mbar. The sample was levitated and inductively heated in a coil consisting of water-cooled Cu-windings carrying an alternating current of frequency in the range of 350 kHz. Samples were melted and then cooled by a He gas stream in several cycles. The temperature-time profile was measured by an IMPAC ISR 12-CO single color pyrometer at 100 Hz with an operating range of 0.8e1.05 mm. Rapid solidification during recalescence of the undercooled melt was recorded with a Photron Fastcam SA5 highspeed video camera at a rate of 75,000 fps and a resolution of 320 Â 264 pixels. A comprehensive description of the levitation facility is given elsewhere [13] .
The temperature of the sample was measured with a pyrometer, however it is possible to increase the temporal resolution of the measurement by utilizing high-speed video data. The grayscale intensity of a given pixel can be correlated to a temperature value if temperatures of the undercooled liquid and the stable phase are known. An article by Burke et al. [12] contains a more rigorous investigation of the use of a broad-band pyrometer as a primary temperature measurement device. Fig. 2 shows images of progression of solidification, a plot of pixel intensity at the nucleation point, and a linear fit relating temperature to intensity. In this case, it is evident that there is a linear correlation between the known temperatures and pixel intensity values, and that facilitates a simple conversion from pixel intensity to temperature.
Analysis
The dendrite growth velocity modeling is fully described by Lipton, Kurz, and Trivedi (LKT) [9] , with the effects of kinetic undercooling given by Boettinger, Coriell, and Trivedi (BCT) [10] . Therefore, this section will include a brief overview of the analysis. A list of symbols and descriptions is given in Appendix A.
The undercooling is given by:
where DT T is the thermal undercooling, DT R is the curvature undercooling, DT C is the solutal undercooling, and DT K is the kinetic undercooling. All values of undercooling are with respect to the phase of interest. The thermal undercooling, DT T , is given in Equation (2).
U is the molar volume, C L P is the heat capacity of the undercooled liquid, DH f is the heat of fusion, and Iv(P T ) is the Ivantsov function of the thermal P eclet number, P T . The definition of the Ivantsov function is given in Equation (3) .
is the exponential integral function, where the argument P x refers to the thermal or solutal P eclet number.
V is the solidification velocity, a is the thermal diffusivity, and R is the radius of the dendrite tip. The undercooling due to curvature, DT R , is shown in Equation (5).
G is the Gibbs-Thomson coefficient, given by:
where DS f is the entropy of fusion, and s is the solid-liquid interfacial energy. The solutal undercooling is given in Equation (7).
m L is the slope of the liquidus line from the equilibrium phase diagram, m v is the correction for the kinetic effect on the phase diagram slope, C o is the solute concentration, k is the velocitydependent partitioning coefficient according to the model by Aziz and Kaplan [14] , and P C is the solutal P eclet number.
k e is the equilibrium partition coefficient.
X o is the initial solute atomic fraction, and V d is the atomic diffusive speed at the solid-liquid interface, shown in Equation (11) .
D o is the solute diffusivity, and a o is the atomic spacing in the liquid. The kinetic undercooling, DT K , is given in Equation (12) .
m is the kinetic growth coefficient, shown in Equation (13) .
T m is the melting temperature, R is the universal gas constant, and V o is the kinetic rate parameter, where V d <V o <V S . V S is the speed of sound through the liquid, and V d is the diffusive speed defined above. The undercooling equation provides a relationship for VR, however, a second equation is necessary in order to solve for the unique value of velocity at a given undercooling. The second equation comes from the dendrite tip selection condition, as shown in Equation (14). 
s * is the stability parameter, G C is the solute gradient in the liquid, G S and G L are the temperature gradients in the solid and liquid, respectively. x C is the solute stability function, dependent on the solutal P eclet number, while x S and x L are the stability functions, dependent on the thermal P eclet numbers for the solid and liquid, respectively. K S and K L are the weighted conductivities of the solid and liquid, given as 
then combining Equations 15
and 16 with the stability condition, Equation (14), and solving for R, produces Equation (17) . The stability functions, x L and x C are shown in Equations (18) and (19) . [19, 20] . As previously stated, there were no observed effects of melt convection on primary growth kinetics. Therefore, external flow considerations were neglected within the stability parameter. In general, the application of the marginal stability criterion within the perturbation analysis predicts experimental results well, and reduces the number of unknowns and adjustable parameters within the analysis. For these reasons, s * was chosen to be equal to 1/4p 2 within the current work. Table 1 shows the thermophysical property values that were used in the analysis. Table 2 shows the average growth velocity of the stable phase through the mushy zone, V gd , as well as the kinetic coefficient, m, which was used in the dendrite growth analyses. The error margins given for V gd were calculated at a 95% confidence level.
Results and discussion
From Equation (13) Figs. 3e5 show the experimental growth velocity results from the current work, as well as those from Dolan [29] and Hermann et al. [4] . In some cases, after the metastable phase nucleated, the stable phase would nucleate within the mushy zone formed during primary solidification and grow fast enough to outgrow the metastable phase and escape into the undercooled liquid. In those cases, it was possible to estimate the solid-liquid growth velocity for both solid phases as well as the velocity of the stable phase growing into the mushy zone. The results are displayed as a function of the undercooling relative to the melting point of the stable phase. For example, for the Fee40 at.% Co alloy, the thermal driving force is calculated from the difference between the melting points: (20) For an undercooling of 100 K relative to the stable phase, the undercooling relative to the metastable phase is 76 K. There are no growth velocity measurements of either the metastable phase into The velocity of the solid phases growing into undercooled liquid, as well as the stable phase growing into the mushy zone, were found to be independent of melt convection. This is because the growth velocity is much greater than the melt convection velocity, particularly at higher undercoolings [6] . In the case of the gephase growing through the mushy zone, it is unlikely that there will be significant stirring due to the presence of the dendritic structure of the metastable phase.
The mushy zone velocity is greater than that of the stable phase growing through undercooled liquid at the critical undercooling, DT gd , and it is independent of the initial undercooling, but varies with cobalt concentration. The gephase mushy-zone growth velocity becomes larger as the cobalt concentration is increases because the difference between melting temperatures of the dephase and gephase increases. Matson and Hyers [30] previously addressed this observation within an adiabatic remelt model. In the remelt model, some portion of the pre-existing metastable phase is remelted, absorbing the heat of fusion. This remelting is accounted for with an effective heat capacity of the growth environment which is greater than the heat capacity of the liquid by itself. Given that the effective heat capacity is greater than the liquid heat capacity, and that the thermal driving potential, DT gd , is constant for a given alloy composition, it is logical that the growth velocity of the stable phase through the mushy zone will be constant, and greater than that of the solid phase growing through liquid at the same undercooling, DT gd .
The experimental results show no significant effects of a transition from solutal growth to the kinetically limited regime, which have previously been observed in other alloy systems [31e33]. This behavior is expected because both the dephase, and gephase, exhibit very little partitioning.
From the measured velocities it is clear that the growth of stable gephase into the undercooled liquid is faster than that of the metastable dephase at a given undercooling. This is, in part, due to the fact that the undercooling relative to the metastable phase represents only a fraction of the total undercooling. The undercooled melt solidifies primarily into the metastable phase although its growth rate is smaller than that of the stable counterpart. Thus, growth of competing phases can be excluded as the mechanism for phase selection. Primary solidification of the metastable dephase phase must therefore be determined by preferred nucleation.
Conclusions
We have provided new experimental results of the growth velocity of the stable phase into the mushy zone for various FeeCo alloys. Based on the experimental results, there are several key takeaways: 1) The velocity of the stable phase growing into the mushy zone is greater than that of the stable phase growing into undercooled liquid at the critical undercooling.
2) The growth velocities of the solid phases growing through undercooled liquid are unaffected by liquid flow velocity. 3) There are no significant observable effects of the transition from solutal growth to kinetically limited growth.
The results of the dendrite growth analysis indicate that it is reasonable to assume that the kinetic rate parameter, V o , is constant for a given phase within an alloy system if DH f =T 2 m does not vary significantly within the system, or within the composition range of interest. It is unclear whether this assumption will be valid in the event that DH f =T 2 m varies significantly with changes in alloy composition, however, that is only likely to be the case when the alloy contains very dissimilar components in moderate quantities. This is a particularly useful finding which will allow researchers to estimate growth conditions in new alloys by extrapolating from previously known data. Growth velocity of the dephase into undercooled liquid.
V gL
Growth velocity of the gephase into undercooled liquid.
V gd
Growth velocity of the gephase into the mushy zone.
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Kinetic rate parameter. V S Speed of sound though the liquid.
x L Tip radius stability parameter. Dependent on P T of liquid.
x S Tip radius stability parameter. Dependent on P T of solid.
x C Tip radius stability parameter. Dependent on P C .
